The Provisional Irish Republican Army (PIRA) repeatedly showed itself to be one of the most inventive and adaptive of all the violent non-state actors who operated in the latter part of the twentieth century. Among its most innovative exploits was the PIRA's successful development and fielding -spanning almost its entire operational lifetime -of improvised mortar systems. This chapter will trace the sustained development of mortars, including the underlying motivations for pursuing mortars as a complex engineering effort, the process by which the development took place and the underpinnings of its success. The discussion will show that the PIRA's mortar development program was born out of tactical necessity but enabled by good organizational practices and the organization's access to materials, expertise and places in which to leverage these.
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Abstract
The Provisional Irish Republican Army (PIRA) repeatedly showed itself to be one of the most inventive and adaptive of all the violent non-state actors who operated in the latter part of the twentieth century. Among its most innovative exploits was the PIRA's successful development and fielding -spanning almost its entire operational lifetime -of improvised mortar systems. This chapter will trace the sustained development of mortars, including the underlying motivations for pursuing mortars as a complex engineering effort, the process by which the development took place and the underpinnings of its success. The discussion will show that the PIRA's mortar development program was born out of tactical necessity but enabled by good organizational practices and the organization's access to materials, expertise and places in which to leverage these. collected in this Special Issue and should be viewed in the context of the broader phenomenon of complex engineering by violent non-state actors. Readers are advised to consult the introductory and concluding papers for a full explanation and comparative analysis of the cases.
Introduction
The Provisional Irish Republican Army (PIRA) 1 was viewed by its allies and adversaries alike as one of the most inventive, innovative, and adaptive of all the violent non-state actors who operated in the latter part of the twentieth century. 2 During its almost three decades of attacks against civilians and security forces from 1969 until its last ceasefire in 1998, the PIRA employed a plethora of means of murder and mayhem, ranging from small arms (most notoriously the Armalite assault rifle), to rocket-propelled grenades, flamethrowers, heavier machine guns (such as the M60), and an almost dizzying array of improvised explosive and incendiary devices. 3 The focus here, however, will be on the PIRA's successful development and fielding-spanning almost its entire operational lifetime-of improvised mortars. Error! Reference source not found. shows the various generations of mortars that the PIRA developed, from its first highly hazardous and relatively ineffectual attempts in the early 1970s, to its massive 'barracks busters' of the 1990s. When it comes to judging the success of the PIRA's adoption efforts, it is apparent from Error! Reference source not found.that the PIRA, barely two years after its first tentative attempts, 4 succeeded in producing a reasonably reliable and safe weapon that at least some of the time resulted in physical damage and casualties, thus achieving a minimal level of success. Further, by the middle of the 1990s, PIRA mortars were evaluated as comparable in quality to military models. 5 Most importantly for measuring success, the PIRA did launch several mortar attacks that caused serious injuries or fatalities and some that qualified as 'spectaculars'. 6 Among the more notable mortar attacks were: Although never put into practice, the PIRA also reportedly worked on building fuel-air bombs, torpedoes, GPS-guided car bombs, and its own surface-to-air missiles (Oppenheimer, IRA, xviii, 9) . 4 The interval between the appearance of the Mark 1 mortar (1972) and the far more effective Mark 6 (1974). 5 8 According to a law enforcement source familiar with the attack, the mortars were actually quite accurate-the only reason they missed the target was that the ranging mark on the pavement that the attack team had made the previous day had been washed away by snow, and the team had to estimate its position on the day of the attack, resulting in a few metres' discrepancy. 9 Had this intervention by Mother Nature not occurred, there might very well have been a direct hit on the Cabinet.
3. Heathrow Airport Attacks (March 8, 10 and 13, 1994): A PIRA team fired three separate salvos of 4-5 Mark 6 mortars at Heathrow Airport's northern runway and Terminal Four building. One bomb landed on the roof of Terminal Four, which had approximately 4,000 occupants at the time. None of the mortars exploded, perhaps because the PIRA had not intended them to, but one widely-held opinion is that they had been sabotaged by security forces or an informer. 10 Nonetheless, the targeting of a facility in which a successful attack could have caused thousands of civilian casualties represented one of the most ambitious attacks by the PIRA up to this time and the fact 7 One of the former law enforcement officials remarked to the author that, although the accuracy was reasonable, the attack was not quite as successful as often reported, since only one of the eight mortars detonated. Author interview with former Northern Ireland law enforcement official 'C'. 8 that a second and third attack were possible despite increased security caused embarrassment for authorities. 11
Irrespective of casualties, all of these attacks had substantial psychological impact (the raison d'être of genuine terrorism). This, together with the casualties that were caused and the drastic improvements in the weapons themselves, lends weight to a conclusion that, as a whole, the PIRA successfully adopted the weapons technology of mortar systems. The important questions are why and how they did this.
Decision
Evidence points towards the PIRA's decision to develop mortars as being driven by the perceived need to address a specific tactical performance requirement. The Provisionals were confronted by a new challenge when many of its prime targets in Northern Ireland, police stations and barracks, began to be heavily fortified in the early 1970s. 12 Initial attempts to circumvent these defences consisted of catapulting petrol bombs from nearby roofs and subsequently what is referred to as a 'spigot grenade', 13 a container of explosive with a lit fuse attached to the end of a dowel rod, which was fired from a bow or shotgun. Needless to say, both of these approaches left a lot to be desired in terms of safety and reliability and alternatives were sought. 14 To anyone familiar with weapons at the time, mortars were a logical choice in order to overcome the physical hardening occurring around the PIRA's favoured target facilities, such as police stations, which usually consisted of stronger perimeter fortifications but left the roofs of the facilities relatively unprotected. In other words, the PIRA were driven to seek mortars by a tactical need. 15 Other tactical advantages of mortars included: a) providing a standoff capability that would help shield their operators from detection; 16 and b) the high ballistic arc of a mortar made it possible to fire on targets fairly close to the launcher (at least when measured relative to other forms of 11 Oppenheimer, IRA, 232. The mortars had been concealed underground and were fired from an area close to the perimeter fence. 12 18 Allowing the other focus of their operations-British and Northern Ireland security forces-to retreat to the safety of their bases was not a viable option under the PIRA's strategy of the time. Furthermore, while their bomb-making was becoming more proficient and they were embarking on the production of home-made explosives, the days of the 'city destroyer' bombs of the 1990s were far off and it is doubtful whether the organization could have developed explosive devices big enough-and stationed them close enough-to blast their way through the fortifications. Last, simpler methods had failed to show much promise: flare bombs were insufficient to cause much damage, the spigot grenades were too dangerous, and hijacking aircraft to drop bombs on the roofs of police stations was impractical on a large scale. 19 With respect to the decision makers and the decision process, much of this stemmed from the PIRA's organizational structure. Organizationally, the PIRA was something of a hybrid. On the one hand, at the time of its split with the Official IRA in 1969, the PIRA theoretically inherited the well-defined, traditional structure of Irish Republican militants, which was modelled somewhat ironically on the British Army. 20 Under this structure, supreme authority on a daily basis rested in the Army Council, which directed a General Headquarters (GHQ) consisting of ten specialist departments. On the other hand, in practice, while overall strategy was laid out by the Army Council, operational control was far more decentralized. employment. 21 Therefore, the PIRA exhibited both top-down and bottom-up decision-making. 22 Yet, for a decision of the magnitude of whether or not to embark on a major enterprise like the acquisition or development of mortars, decision making likely took place at the center of the organization. 23 In fact, O'Doherty specifically mentions the development of mortars as one of the few decisions that was centralized during his tenure with the organization in the early 1970s. 24 It is therefore extremely probable that the final decision regarding whether or not to acquire mortars, and whether to embark on an indigenous development program, would have rested with the Army Council. It is quite unlikely, however, that the Army Council would make a decision to adopt mortars without some input from below. The most probable sources of such input would be the department of the Quartermaster General (QMG) and the Engineering Department. While the QMG would presumably have a greater say in the case of externally acquired mortar systems and the Engineering Department would predominate in discussions of internally developed mortars, both departments would likely be heavily involved in providing guidance and expert opinion to the Army Council (especially since the QMG usually sat on the Army Council itself).
This somewhat bidirectional nature of decision making within the PIRA has been confirmed by a former law enforcement official familiar with PIRA command and control as being the most probable operationalization of the mortar adoption decision. In this dynamic, bottom-up requirements and suggestions would filter up through the hierarchy to the Army Council from local units, and technical assessments of the feasibility of the endeavour would be given by those with expertise in GHQ (especially the Quartermaster and Engineering Departments). 25 The Army Council would then make the final decision in a top-down fashion and implement it through the Chief of Staff and GHQ. 26 Richard English has singled out the PIRA's somewhat flexible command and decision making structure-the "combination of high- How did the decision to develop mortars relate to the PIRA's overall tolerance for risk? The PIRA at its inception was ready to engage in a variety of different combat modes. The action orientation of young, 'fired up' recruits made them quite willing to engage British and RUC (Royal Ulster Constabulary) forces at close range in the streets. 28 They were also willing to experiment with explosives (with several cases that brought tragic results 29 ). Although the PIRA did calibrate its violence from time to time for political or strategic reasons, it engaged in fairly risky behavior throughout its lifespan (e.g., importing arms from Libya, using unwilling "human bombs", and trying to attack both Margaret Thatcher and the British Prime Minister's residence directly).
With respect to its overall planning horizon, even after the initial decision to engage in the production of mortars and the production of the first relatively successful variants, the PIRA persisted in further phases of mortar development. It even substantially expanded the breadth of its R&D program. For example, there were another eleven models after the Mark 6, which was sufficiently reliable to be utilized in the high-profile 1994 attack on Heathrow Airport twenty years after it was first deployed. The mortar program thus represented an ongoing, long-term development effort, which consisted of constantly attempting to increase the mortars' effectiveness as weapons and decrease the risk posed to their handlers. This long-term thinking was most cogently expressed in reports of the PIRA encouraging promising future technicians to remain in school in order to increase their technical knowledge, as in the case of Danny McNamee, who became a leading bomb-maker and was supported in his technical studies at Queen's University, Belfast, by the PIRA. 30 Part of the reason for the length of the effort may have been that a degree of momentum arose, similar to that which develops behind many long-term development programs that are at least partially insulated from interference by the leadership or enemy forces. team, revelling in their technical prowess, may have been loath to cease working on a challenging system that attracted a large amount of external attention to the movement. However, there were doubtless external, in addition to organizational, drivers of continued development. Offense and defence in general establish a co-evolutionary dynamic that, from the PIRA's point of view, forced its 'mortar offense' to constantly adapt and grow in order to cope with more robust defences, or in Oppenheimer's words, "to keep the authorities on the hop". 31 Larger, more penetrating mortars were required, for instance, by further British hardening of military structures specifically against mortars in the 1980s, including an empty top floor and a reinforced roof of their bases. 32 Desensitization 33 of the media, the British enemy, and even the group's constituencies after multiple uses of the same weapon-some mortars were used hundreds of times-might also have driven the leadership to demand something new and extend the development program.
Implementation
The PIRA almost exclusively cultivated its mortars 'in-house', with the vast majority of components and production occurring within the organization. This was conducted mainly through its own institutional R&D organ, the Engineering Department (ED) of the Army General Headquarters, with some participation from certain highly dynamic local units, especially the South Armagh Brigade. There was also some exploitation of existing commercial networks in the use of widely available legitimate products as the basic raw materials for mortars.
It is also unclear exactly where the expertise required for developing mortars was acquired. It is known that the PIRA drew on many talented amateurs (such as the Derry volunteers Shane Paul O'Doherty in the seventies and Patrick Flood in the eighties) who rapidly became proficient in their bombmaking craft and were able to improvise extensively. It is also known that the PIRA attracted a limited number of highly-skilled technical personnel, including professional engineers. 34 probably had at least some involvement in the R&D process for mortars, while some of those individuals most closely associated with mortar development include Bernard Fox, Ciarain Chambers, and James 'Mortar' Monaghan. 40 It has also been revealed that for most of the period of development, the PIRA stuck with more-or-less the same full-time R&D team, as evidenced by the discovery of signature welding marks and initiation devices that were consistent across various mortars. 41 Interestingly, the mortars' designers might not have even conceived of their work as a structured development process at all, rather focusing on the next project as merely an exercise in providing a weapon that met the specifications that the operational personnel desired. However, more decentralized local operatives were occasionally brought in to consult or to help with testing. 42 With respect to safety, while the organization as a whole did not want its members harmed in the course of their duties, safety did not always seem to be a high priority, especially in the early years. Many of the explosives used were volatile and the designers did not include safety mechanisms in at least the first five variants, resulting in 'own goals', such as the death of two PIRA volunteers from the premature explosion of a Mark 3 mortar in 1973. 43 However, much of the impetus for continuing to develop mortars after the fairly successful Mark 6 was to improve safety. With respect to operational security, the PIRA, for much of its operational lifespan, enjoyed some degree of succor from supporters in rural areas of the Republic of Ireland and faced Irish authorities that were not really equipped to pursue them, thus providing the organization with a form of safe haven in the South. Thus, operational security in these areas was less of an issue. However, in Northern Ireland and England, they were under increasing security pressure, including infiltrators, informers, and surveillance by a variety of British security forces (including the British Army, the RUC and the Special Branch). 44 This made security an increasing priority and was one of the main reasons that most of the mortar development had to take place in the Irish Republic.
Turning to the process by which the mortars were produced, Error! Reference source not found. provides a detailed chronological account of the PIRA development of mortars. There are, however, a few key points about the production process in general that are not included in the 21 mortar, indicating that some mortar production might even have been occurring outside of Ireland. 49 One might speculate that during the initial period, mortar development took place mainly in the Republic of Ireland (and some Republican strongholds like South Armagh), but that as the PIRA's production capabilities matured and the number of mortars sought increased, production locations multiplied and became more local to their places of intended use.
Second, with respect to the explosive components of the mortars, explosives used as the main charge in mortars could generally be sourced from almost the entire range of the PIRA's prodigious arsenal of explosives types, 50 although lighter charges, and hence more powerful 'high' explosives, were probably preferred in most mortars to meet the exigencies of aerodynamics. This was made easier after the PIRA received large quantities of Semtex high explosive from Libya in the mid-1980s. Trigger, timing, and power units for the mortar systems could similarly be drawn from the extensive broader PIRA inventories and expertise in these areas. 51 The propellant used to launch the mortar was a different matter entirely. This had to be carefully formulated to achieve a safe and reliable launch, imparting a relatively steady explosive force to the mortar shell in order to ensure a consistent range. Error! Reference source not found. traces the evolution of propellants, from early reliance on commercially available shotgun and related powder cartridges, through the Jcloth, 52 to the more sophisticated purpose-built and precisely measured propellants that formed part of the weapon itself.
Third, construction of the non-explosive components of the mortar showed just as much ingenuity. Early seizures of mortars, like that in 1974, informed the security forces that components such as the housing were being manufactured in a facility containing at least a metal lathe and heavy welding equipment, akin to a light engineering workshop. 53 The aforementioned raids of PIRA mortar production facilities in 1974 and 1975 indicated an incipient 49 light industrial capacity, 54 which undoubtedly grew as the larger mortar models were developed to the point where Oppenheimer characterizes this capability as having a production line quality. 55 Many of the raw materials for mortar components were sourced from commercially available pipes and gas cylinders, thus minimizing the amount of machine tooling required.
The path to developing a robust mortar capability did not proceed without incident, however. The PIRA experienced several difficulties and setbacks, which can also be gleaned from a close look at Error! Reference source not found.. The accuracy of many of the models was poor, not only of the earlier attempts, but sometimes (as with the Marks 7, 8, and 9) accuracy was knowingly traded for greater explosive power. Another major problem was the safety of the initial devices, as mentioned above. Compounding safety and accuracy issues was a lack of detonation reliability-many of the mortars, even if they did not blow up on launch or hit the wrong target, failed to detonate upon impacting the intended target. Nonetheless, the PIRA's technicians persevered with the development of mortars and were eventually successful in addressing many of the problems of safety and reliability through a number of ingenious advances, from impeller-operated arming mechanisms to sophisticated timers and triggers. Although accuracy presented a perennial problem, even this improved markedly. For example, according to a former Northern Ireland law enforcement official, in the 1985 attack on the Newry Police Station, the landing locations of the several mortars used were closely grouped, indicating a fair amount of accuracy and reliability in ballistic trajectory. 56 These achievements were all the more remarkable when one considers that over the entire period of development, the PIRA was under intense security pressures.
Analysis
The basic tactical need underlying the decision to adopt mortars has been detailed above. Yet, the key question in this regard is why the PIRA decided to produce this capability themselves, rather than, for example, procuring mortars on international arms markets. Reasons for taking on this complex engineering task include the following: 59 Some reports list mortars among the seized weapons, 60 but it can be inferred that, while the organization's officers might have attempted to include externallysourced mortars in large arms consignments at various times, these attempts were not successful, since this type of mortar was never used by the PIRA. Furthermore, a former law enforcement official has stated that the PIRA never procured commercially available mortars. 61 Possessing an internal production capability would obviate many of these risks, because large numbers of mortars did not need to be stored, but could be manufactured as needed. Also, any interdictions of mortars would not negate the knowledge of how to build new ones in the future, 62 and necessary components could be purchased legitimately -and more cheaply -than military mortars. 63  Specific Tactical Requirements: The PIRA had usage requirements that differed substantially from military mortars. While military mortars were designed for fairly long ranges (~5,000m), to have the firer present upon launch and to be used numerous times, the nature of the PIRA's covert terrorist campaign meant that it required mortars operative over shorter ranges (within the confines of a city), with options to fire remotely and where the launcher was generally abandoned after a single use. 64 Moreover, military mortars required expertise and practice to aim correctly and achieve desired accuracy; the PIRA volunteers launching mortars from the back of a van and aiming in the general direction of a police station were operating under different functional constraints. 65 Producing its own mortars would thus allow the PIRA to customize weapons for its own purposes.
 Deficit of Trust in Externally Sourced Materials:
As the conflict in Northern Ireland wore on, there were increasing cases of British or RUC counterintelligence personnel 'doctoring' or otherwise sabotaging PIRA weapons-including guns with built-in surveillance devices or explosives that would not detonate. 66 This led to PIRA engineers having decreased confidence in externally-sourced materiel and provided an additional impetus to produce those weapons internally when it could.
 DIY Prestige: In addition to the purely tactical advantages of particular weapons, there were also the symbolic messages that would be tacitly conveyed by the use of a particularly sophisticated weapon. It is reported that at all levels of the PIRA, from the organization as a whole to individual units, there was often the desire to show various audiences, whether it was the British, its Catholic constituency, or even other brigades in the PIRA, how ingenious, capable, and terrifying the PIRA could be-an indigenous mortar capability would thus bestow propaganda benefits on its developers. 67
 Technical Confidence and Constituencies: The PIRA possessed one of the most mature, highly-skilled, and productive research and development organs in the annals of violent non-state organizations, the so-called Engineering Department. The ED's committed and cunning senior technicians were responsible for numerous breakthroughs in the arts and instruments of clandestine war against the state and enjoyed a substantial level of influence as the PIRA's 25 elite. 68 Their early successes with explosives mixtures in the 1970s (following some initial missteps in this regard) might have given them (and the PIRA's senior command) the confidence that they could take on the difficult task of developing an effective mortar capability. Even if this confidence had been lacking among members of the Army Council or other senior leadership, the ED enjoyed a degree of independence from frontline operations, 69 and the decision to engage in the development and production of mortars may have been the PIRA leadership's way of "letting the movement's better technical intellects have their experiments". 70 The subsequent history of the organization certainly presents many examples of highly educated and skilled individuals being given more or less free rein to develop or acquire new weapons technologies. 71
 Weapon Evolution: Indigenous development allowed for the PIRA's mortar capability to evolve over time, and adapt to new requirements and developments, whereas if mortars were externally sourced, a new product would have to be identified, possibly necessitating the development of a relationship with a different supplier and the locating of new transport channels.
There were thus several synergistic factors pushing the PIRA in the direction of putting the time, resources, and effort into developing their own mortar systems. While indigenous production might have been overdetermined, and it is difficult to say whether any single one of these factors would have been sufficient to encourage the organization to move in this direction, the specific tactical requirements and lack of trust in external sources of weapons both provided strong incentives to develop mortars internally.
We can now turn to examine the key determinants of the PIRA's success in this regard. After a thorough analysis of the context surrounding the PIRA's development of mortars, three interrelated factors stand out as most salient. knowledge from before the 1969 split, which meant that the organization did not have to start from scratch, so to speak, either technically or organizationally and, although it was strapped for weapons and other resources in 1970, it was able to build on its legacy capabilities to quickly reconstitute its expertise and access to resources. In addition, the socioeconomic background of its membership ended up serving it well in the area of weapons development. The majority of its members were working-class Catholics, who while not necessarily possessing the technical skills for weapons development, brought with them a basic inventiveness, creativity, and 'working men's skillsets' like machining and welding. In addition to the direct value of such experience in the fabrication of mortars, this background quickly allowed the organization to develop a high level of practical skillsomething that was essential for solving the obstacles encountered in developing improvised weapons. At the same time, the appeal of the PIRA was sufficiently broad that the organization was able to attract the services of a small number of highly-trained individuals, including engineers, chemists, and computer scientists to provide the requisite knowledge of aerodynamics, timing systems, and so forth. There was also an organizational structure that was set up to promote and implement innovation from the very beginning. The embodiment of this institutionalization of R&D, the Engineering Department was somewhat isolated and protected from frontline operations, which allowed for the possibility of long-term R&D projects like mortars. At the same time, the organization also made room for local EOs (explosives officers) in the various towns in the North to react to local conditions and independently engage in local-level innovation, which could then filter back to the center. 72 The second major contributor to success was its access to safe havens. The existence of a large area in the Republic of Ireland in which to conduct research, production, and testing that was beyond the reach of British authorities has been identified as a key element in the success of the PIRA's mortar program. 73 Last was the PIRA's culture of learning. In the area of weapons development, the PIRA displayed an aptitude for learning that is unrivalled among terrorist groups. The first form of learning it engaged in was pre-employment testing of weapons systems. O'Callaghan describes firing mortars with dummy shells 72 For instance, Shane Paul O'Doherty-at the time the local Derry EO-who had a reputation for inventiveness was asked to come down South to consult with engineers who were developing the early mortars. Author interview with Shane Paul O'Doherty. 73 Author interview with former Northern Ireland law enforcement official 'A'.
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at Inch Strand on the inner side of the Dingle Peninsula, where the shells would land undamaged on the sandy beach, 74 while O'Doherty describes visiting a farm in Kildare in 1972 where mortars were tested for range and weight-bearing capability. 75 The second aspect of the culture of learning was the willingness and institutionalization of post-operation analysis. When things went wrong with an attack, the operatives conducting the attack would be debriefed by superiors. Of course, 'own goals' (where the PIRA operatives were themselves killed) made it very difficult to identify the source of the failure. 76 After-action reporting did not only occur when missions went awry-this practice was so pervasive that it has been described as 'debriefwin, lose or draw'. 77 While the PIRA was unable to perform technical analyses of successful attacks or even observable failures (since the mortars or their remnants would be within the control of the authorities), they did the next best thing, by sending observers to stand at police cordons and try to gather as much information about the effects of the attack or the unexploded ordinance as possible. 78 This commitment to constant learning and improvement was a powerful enabler of the rapid development and success of the mortar program.
The sustained development of mortars, which included all system components, from the casing and the propellant to the warhead and the trigger mechanisms, undoubtedly constituted a prime example of complex engineering by a terrorist organization. This was born out of tactical necessity but enabled by good organizational practices and access to materials, expertise, and places in which to leverage these. As Oppenheimer contends, "…it was in the series of homemade mortars produced by the IRA that its ingenuity was revealed, and its ability to supplement imported war-fighting equipment by developing its own. -Never used.
-Built during mid1990s ceasefire. 97 Oppenheimer, IRA, 238. 98 Boyne, "Uncovering the Irish Republican Army: Weapons."
